Abstract: Glycoside Hydrolase 3 (GH3) is a phytohormone-responsive family of genes that has been found in many plant species. It is implicated in the biological activity of indolacetic (IAA) and jasmonic acids (JA), and also affects plant growth and developmental processes and some stresses. In this study, GH3 genes were identified in 48 plants, which belong to algae, moss, fern, gymnosperm and angiosperm. No GH3 representative gene has been found in algae, and our research identified 4 genes in mosses, 19 in ferns, 7 in gymnosperms, and numerous in Angiosperms. The results showed that GH3 genes mainly occur in seed plants. Phylogenetic analysis of all GH3 genes showed three separate clades. Group I was related to JA adenylation, group II was related to IAA adenylation, and group III was separated from group II but the function was not clear. The structure of GH3 protein indicated highly conserved sequence in the plant kingdom. The analysis of JA-adenylation related to gene expression of GH3 in potato (Solanum tuberosum) showed that StGH3.12 highly responded to Methyl Jasmonate (MeJA) treatment. Expression levels of StGH3. 1, StGH3.11, and StGH3.12 were high in flower and StGH3.11 expression was also high in stolon. Our research revealed the evolution of the GH3 family, which is useful for studying the precise function about JA-adenylation GH3 genes in S. tuberosum under development and biotic stresses.
Introduction
GH3 proteins are widespread in plant species. Differential hybridization screening was used to first isolate GH3 as an auxin-induced cDNA clone from etiolated soybean hypocotyls [1] . Subsequently, GH3 genes were identified from tobacco [2] , Arabidopsis [3] , rice [4] and other plants [5] [6] [7] [8] [9] . These proteins adjust the phytohormone signaling pathway. A two-step mechanism showed that the GH3 family conjugates amino acids to diverse acyl acid substrates. The first step indicates adenylation of an acyl acid hormone and release of pyrophosphate. In the second transfer step, the amine group of an amino acid nucleophilically displaces AMP, yielding the conjugated acyl acid [10] . GH3 proteins regulate the levels of phytohormones, including JA and IAA [11] . Group I GH3 genes catalyze additional amino acids to phytohormone JA-Ile and Group II GH3 genes catalyze additional amino acids to phytohormone IAA.
In published phylogenetic trees of Arabidopsis, GH3 proteins can be divided into three major groups on account of sequence similarity and acyl substrate specificity [12] . Group I proteins use JA as a substrate, which promotes formation of JA-Ile and boosts JA-mediated responses [9] ; AtGH3.11 (JAR1) was identified as a pre-receptor in jasmonate-responses [11] . Group II proteins can conjugate IAA to the free IAA and store phytohormone with an inactive form [13] . AtGH3.12/PBS3, belonging to Group III, uses the benzoates, 4-hydroxybenzoate (4HBA), and is better than Salicylic acid (SA) as the substrate [14] . Until now, the functions of GH3 genes have been reported primarily in Arabidopsis. AtGH3.2/Ydk1-D can promote short primary roots and reduce lateral root number [15] ; AtGH3.6/dfl1 restrains shoot elongation and lateral root formation [16] ; AtGH3.9 seems to be specifically active in roots [17] .
IAA as the first identified phytohormone which is responsible for growth and development in flowering plants by influencing cell division, expansion, and differentiation [18, 19] . And group II genes from GH3 family are related in IAA. Similarly, JA as one of the major plant hormones involved in regulating the balance between growth and defense [20] . A huge number of research come to a decision is JA participates in biotic stresses in plants indeed. Thus, group I genes is not only take part in growth but also have key role in biotic stress based on JA biological function in plants.
With the continuous improvement of gene sequencing technology, genetic data have been generated for more and more species. The GH3 gene family could be identified in several plants, but no one studied a detailedly and completely evolutionary history. Even though Terol (2006) conducted a genome-wide analysis of GH3 in rice and its evolutionary history from 20 plant species were identified based on EST analysis [21] . But sequencing complete genomes are available for at least 48 plants until now, and covered stages from lower to higher plants. Thus, the evolution of GH3 genes may be studied more accurately based on these sequenced plant species. Here, we analyzed the GH3 gene family in 48 species which included algae, moss, fern, gymnosperm, and angiosperms using bioinformatics methods. On the other hand, we analyzed the gene characteristics, structures, phylogenetic relationships, gene ontology (GO) annotations, and expression patterns of GH3 genes in Solanum tuberosum. Thus, the results of this study not only reveal the evolution of the GH3 family but also provide some useful information for further research in potato, especially the biotic stress based on JA pathway.
Results and discussion

The GH3 family was identified in 48 plant species
To study the evolution of the GH3 family, we surveyed the sequences of GH3 family members in sequencing plant species. We used the GH3 full-length protein sequence of Arabidopsis thaliana [12] as a query to search the available genome sequences from 48 plant species including algae, mosses, ferns, gymnosperms, and angiosperms. We found 579 proteins in 48 plants. The number of GH3 proteins ranged from 0 to 38 (Table 1) . According to the evolutionary relationships in plant, no GH3 proteins were acquired in algae. Only two proteins were identified in each moss, Marchantia polymorpha L. and Physcomitrella patens. Fern species Selaginella moellendorffii contained 19 GH3 proteins which was a large group compared with some other plants. We could not find genome information for the gymnosperm Picea abies in NCBI-Genome but it was reported by [22] ; seven GH3 proteins were identified in P. abies. Numerous angiosperms have been sequenced, making it easier to determine how many GH3 genes had been acquired. The most GH3 proteins appeared from Brassica rapa, but it did not have the largest genome or total protein counts. Different plants had different GH3 proteins, but these numbers were not correlated with genome length or protein counts. According to the general trend, the GH3 protein appeared earliest in moss, and more proteins were identified with the evolution of plants. We found that the number of GH3 family genes apparently increased with the emergence of the seed plants (ferns, gymnosperms, and angiosperms). 3 The related information obtained from PGDD (http://chibba.agtec.uga.edu/duplication/).
# Amborella trichopoda was known as the sister group of the remaining flowering plant in molecular phylogenetic analyses [25] .
Analysis of the phylogenetic tree and duplication patterns
Phylogenetic tree of the GH3 members in 48 plants was constructed based on the similarity of protein sequences (Figure 1 ). This tree contained three clades and consistent with previous studies [4, 5, 26] . The functional groups, group I and group II, which are related to JA and IAA, respectively, and these parts of genes were present in all major plant lineages, including the mosses. Three genes in mosses pertained to group I which contained the most ancient genes. GH3 genes might have played important roles in environmental adaptation in mosses. This gene group was present in all seed plants. It could be inferred that the function of group I was indispensable in all plants. One GH3 protein belonged to group II in mosses, but more group II genes appeared in seed plants; suggesting that group II had a key role in plants evolution. Group III genes were only present in eudicots. From the phylogenetic tree analysis, group III was closer to group II and belonged to one of the branches. Moreover, group II and III had the same plant lineages, and evolved from the moss Marchantia polymorpha L. (Mapoly0053s0073.1.p). Group III members were in eudicots including all brassicaceae (Arabidopsis thaliana, Brassica oleracea, Brassica rapa, Capsella rubella, and Arabidopsis lyrata), Gossypium raimondii, and Theobroma cacao; this result was consistent with Singh [27] . Therefore, we speculated that group III was the latest evolution, and Group III proteins were suggested to play a role in response to (a)biotic stress by Okrent [11] . Group I and II GH3 genes have the same ancient origin, and the evolutionary explosions of these groups were caused by many duplication events. Early duplication events were identified in group I and II of fern (Figure 1) .
For further GH3 evolutionary relationships, prediction of the molecular evolution rates could clarify the gene evolution process. Selective pressure was estimated by calculating the ratio of the nonsynonymous substitution rate to the synonymous substitution rate (Ka/Ks value), allowing us to analyze the molecular evolutionary rates (Table S1 ). Ka/Ks values was calculated for each duplication event, and almost every gene pair evolved at a Ka/Ks value lower than one except ta__Thecc1EG031553/ta__Thecc1EG031554 gene pair in Theobroma cacao (the Ka/Ks value is 1.638). This gene pair experienced positive selection pressure in evolution. The other gene pairs indicated that the gene was subject to purification selection. Compared with each stages dupications, the angiosperms had many duplication events. We found out the duplication event in fern firstly. That Ka/Ks
Values were all less than 1, and two kinds of duplication had similar value (0.318 to 0.388) in Selaginella moellendorffii. The numbers of GH3 gene duplications in dicots were more than in monocots. Interestingly, a plenty of tandem and segmental duplications occurred in Brassicaceae. The most segmental duplications were identified in Glycine max and there were no tandem duplications. The number of GH3 proteins and duplication events suggested that the reason for the increase in GH3 proteins was due to numerous duplication events in angiosperms. Plants evolve with changes in the environment and positive selection promoted the exchange of gene function to survive. Therefore, the selective patterns can partly explain the evolutionary patterns of the genes.
Structural analysis of GH3 Proteins
Seven species from different stages from moss to angiosperm were selected as the candidates to analyze their structures. The prediction of motifs was an essential method of protein analysis, and the motifs of GH3 proteins were identified using the MEME program. Twenty motifs were searched in these proteins (Figure 2 ). The GH3 protein family members have highly conserved motifs. The vast majority of proteins contained about 20 motifs, and they were in the same order. Compared with these proteins showed that moss and fern totally had 17-19 motifs and it was not existed the 17th motif in it. PaGH3 protein (pa__MA_10330250g0010) only had 10 motifs, which was the lowest motifs in all proteins. Correspondingly, it also had the shortest length of protein. Be different with other gene family, such as WRKY [28] , the motifs in subgroup proteins had no significantly differences. Because the GH3 proteins combined amino acids to different acyl acid substrates, they must have had the corresponding active site. Predicted protein structure could show the related structures. We took 10 proteins as candidates to analyze the information from research by Westfall [9] . These 10 proteins belonged to four different evolution stages and contained α5, α6, β8-9 and P-loop, but the sequences had some differences in diverse group (Figure 3) . Alignment of proteins from each group showed they had same sequences. Also, the highly conserved sequences, Lys 428 /Lys 435 were in each protein, which are proposed to interact with amino acid substrates in group I and Lys 146 accepted acidic amino acids, whereas Ser 151 was specifically conjugated to isoleucine in group II. 
Gene ontology annotation and RNA-seq data analysis of StGH3 proteins
To better understand the biological processes of GH3 proteins, we selected potato GH3 proteins for GO analysis using the NCBI database. Three StGH3 proteins (StGH3.1, StGH3.5 and StGH3.12) participated in multiple signal transductions (signal transduction, response to stress, small molecule metabolic process, and immune system process). Moreover, these three proteins had predicted ligase activity. StGH3.5 participated in enzyme binding and nucleotidyl transferase activity. The prediction of genes cellular component showed that StGH3-5 participated in the component of vacuole ( Figure  4A ). Compared with the databases in the KEGG website, StGH3 group I genes (except StGH3.11) participated in the JA pathway ( Figure 4B ). Thus, these 3 proteins had important roles in JA adenylation. To analyze the expression patterns of StGH3 genes in various treatments, (Table S2) was downloaded from PGSC. We processed the RNA-seq database and generated a heatmap ( Figure 5 ). Ten different treatments were part of this analysis. All StGH3 genes were down regulated under BAP (6-Benzylaminopurine) treatment and slightly enhanced or reduced under Phytophthora infestans treatment. StGH3.2 was up regulated under seven stressors and three treatments resulted in higher expression. StGH3.10 was strongly up regulated and StGH3.13 was down regulated to the point of no signal under heat treatment. Combined GO annotation and RNA-seq data analysis showed StGH3.1, StGH3.5, and StGH3.12 participated in the stress regulation. These genes were all up regulated under heat and biotic stresses. The change of StGH3 genes expression regulated by JA has not been reported, and these results should be analyzed following treatment of JA or MeJA. 
Expression analysis of StGH3 group I genes
To demonstrate the function of GH3 proteins in plant tissues and under JA or MeJA treatment, qRT-PCR analysis was used to reveal the expression. We mainly focused on the group III genes which were related to the JA pathway through prediction. Some researchers used MeJA to treat the potato tuber slice and tissue culture seedling, and results showed that JA and MeJA have an induced dilation effect on potato tuber cells and had a strong tuber inducing activity; also treating a single stalk of potato could promote tuber formation [29, 30] Thus, qRT-PCR was used to analyze the genes expression.
The tissue culture seedling was treated by 10 -5 M MeJA [31, 32] and collected materials treated in 4 different time periods. The StGH3 group I genes were studied the expression changing in these treatments ( Figure 6A , Table S3 ). These four genes were all up-regulated in different time period. Compared with untreated sample, StGH3.1, StGH3.5, and StGH3.12 were up regulated 6 hours later; the expression level was gradually decreased from 6 hours to 24 hours. The highest change in expression occurred in StGH3.12, at 8-fold higher than the control after 6 hours of treatment. Overall, the response time of genes to MeJA treatment was about 6 hours. The most responsive gene was StGH3.12 and other genes typically had no obvious response, especially StGH3.11, which was down regulated under MeJA treatment. But if a gene was down regulated in 1 hour, it might be affected by the MeJA concentration because the jasmonic acid compound was poorly soluble in MS liquid medium. In addition, we studied the expression of these four genes in seven different tissues to verify whether there was a specific expression in a potato tissue ( Figure 6B , Table S3 ). We selected the young leaf as the standard to process the qRT-PCR data by the 2 -∆∆Ct method. Three genes had high expression in flower, only StGH3.5 had lower expression in each tissue. The expression level of StGH3.11 was also highly expressed in stolon and the other genes only had low expression. None of these genes had high expression in young tubers or mature tubers. Combined with results of research by Koda and others [29, 30] , the related with StGH3 genes and potato tuber was not due to these own high expression in tuber, but indirectly proved GH3 gene regulation tuber cell enlargement through the regulated JA biological processes.
Conclusion
We performed an evolutionary analysis of the GH3 protein family in the plant kingdom to reveal gene structure, phylogenetic relationships, and the evolution of GH3 genes in each group. Group I and group II genes were occurred in mosses. And group I contained a lot of ancient genes, thus we inferred that the function of group I was indispensable in all plants. Multiple group II genes appeared in seed plants; hence, we could infer that group II genes played crucial roles in plants.
Group III members did not appear until the angiosperm period, so we speculated that group III was the latest group and was closely related with group II. This conclusion will provide a reference for the evolutionary relationship of the GH3 family in plants. And our analysis also revealed that group I genes were related to JA response and several genes were also involved in physiological processes of various tissues and responded some stresses in potato. The results of this study will increase our understanding of the evolutionary relationships in the GH3 family and also serve as the basis for the functional identification of potato GH3 genes. In subsequent studies, we will devote to reveal and prove the function of GH3 genes about JA biological process and improves resistance to some biotic stresses based on JA regulation in potato.
Materials and Methods
Mining GH3 genes from various species
Gene, protein, and transcript sequences from 48 species of algae, mosses, ferns, gymnosperms, and angiosperms were downloaded from the NCBI. Blast 2.6.0 was used to search for homologous sequences based on AtGH3 [12] as query with E-value≤ 10 -10 . The acquired data was uploaded to NCBI-CDD website (http://www.ncbi.nlm.nih.gov/cdd) and Pfam website (http://pfam.xfam.org/) to search the domain. All identified GH3 genes were aligned using the multiple sequence alignment tool ClustalX2 (http://www.clustal.org/clustal2/). After excluding small portions of genes with divergent sequences, the others were considered as putative genes.
Structure analysis of GH3 proteins
To better understand GH3 proteins, a portion of GH3 proteins to analyze their structures. These proteins were predicted from the motifs using MEME (http://meme-suite.org/tools/meme), with the parameters set to default, only select the number of motifs is 20. Predictions of protein secondary structure prediction came from PHDsec server, which could upload the data to PRABI Lyon Gerland website (https://prabi.ibcp.fr/htm/site/web/home), and DNAMAN software (https://www.lynnon.com/pc/framepc.html) was used to analyze multiple sequence alignment.
Construction of phylogenetic tree
Phylogenetic analysis of the GH3 family was conducted using MEGA7 software (https://www.megasoftware.net/). Seventeen species of plants were included in the phylogenetic tree. Phylogenetic trees were produced using the Neighbor-Joining (NJ) method [27] with the following parameters: 1000 bootstrap replications, Poisson model, and pairwise deletions.
Analysis of gene duplications
Tandemly duplicated gene pairs were identified by comparing their physical locations on chromosomes and their homology (more than 50%). We defined paralogous genes as those existing in the same chromosome within a 50-kb physical distance that were tandem duplicated pairs [28, 33] . The segmental duplication of each gene was ensured through Plant Genome Duplication Database (PGDD) website (http://chibba.agtec.uga.edu/duplication/). Ka/Ks values were calculated using DnaSP6 software [34] . The RNA-seq data [35] were downloaded from PGSC website (http://solanaceae.plantbiology.msu.edu/pgsc_download.shtml). The selected raw data were transformed by log2, and then HemI software [36] was used to visualize the expression. B5141-6 (Lenape)×Wauseon was planted in the greenhouse for 3 months. Seven tissues (young leaf, young stem, young root, stolon, young tuber, mature tuber, and flower) were selected to test gene expression.
Expression analysis of StGH3 genes
Total RNA from four different types of tissue culture seedlings were treated with MeJA (Invitrogen, USA) and seven different tissues were used for reverse transcription into cDNA (Takara, Japan). Elongation factor 1-a (ef1-a) was used as a reference gene to quantify the expression of StGH3 genes [37] . Bio-Rad Real-Quantitative real-time PCR analysis System (CFX96, USA) was used to analyze expression levels. The expression data of each treatment was based on three technical replicates. Relative expression levels were calculated using 2 -∆∆Ct [38, 39] .
